Abstract-NIST is fabricating multi-pixel arrays of transition edge sensor (TES) microcalorimeter detectors for use in microanalysis and x-ray astrophysics. We have developed both room temperature digital feedback electronics and a successful SQUID multiplexing technology that will be applied to form a practical, expandable system. We are also exploring surface micromachining techniques to enable the fabrication of largescale, close-packed arrays of TES microcalorimeters.
I. INTRODUCTION
IST has been developing TES x-ray microcalorimeters both for NASA's use in next generation x-ray astronomy missions and for materials microanalysis. Our TES x-ray detectors have achieved the highest performance of any energy dispersive x-ray spectrometer. Wt: have demonstrated resolution of 2.0 5 0.1 eV FWHM at 1.5 keV and 4.5 t-0.1 eV FWHM at 5.9 keV, performance which already makes the TES a valuable tool for microanalysis [ 1] , [2] . In order to increase their usefulness in microanalysis and make them appropriate for imaging x-ray astronomy missions, large-format arrays of these TES detectors must be created.
Array technology has motivated progress in several areas at NIST. TES fabrication has progressed from shadow-mask techniques to a fully lithographic process. We have developed multiplexed superconducting readout electronics and room temperature digital electronics for control and data processing, which will scale much more easily than the brute force analog systems that have been used in most single pixel and small array microcalorimeter experiments. We are also exploring surface micromachining techniques that will enable easier fabrication of close-packed arrays.
N 11. TES MICROCALORIMETER PRINCIPLES AND OPERATION
Microcalorimeter operation has been described in detail elsewhere [3] . In a microcalorimeter, the energy of an incident photon is converted into heat inside an absorber of heat capacity C, producing an abrupt rise in the absorber's temperature. The absorber is isolated from a heat bath of temperature T by a weak thermal link of thermal conductivity This paper is a contribution of the US. Government and is not subject to copyright.
G, causing the temperature of the absorber to exponentially decay back to the base temperature with a time constant equal to C/G. The incident energy can be determined by measuring the temperature change, with an accuracy dependent upon the sensitivity of the thermometer and the thermodynamic noise in the absorber. The energy resolution of a microcalorimeter is proportional
is the sensitivity of the thermometer, and R is the thermometer resistance. Operating microcalorimeters at low (-0.1 K) temperatures, it is possible to simultaneously reduce the thermodynamic noise while increasing the thermal signal by reducing the heat capacity of the absorber, since the heat capacities of materials also drop at low temperatures. TES microcalorimeters use a bilayer of normal metal and superconductor films whose thicknesses are small compared with the coherence length in the metal, producing a proximity effect that lowers the superconducting transition temperature and normal state resistance of the bilayer. We can reliably choose a convenient transition temperature by varying the relative thickness of the two films.
Because this superconducting transition is narrow (<1 mK), these films are very sensitive thermometers. Their sensitivity can be up to two orders of magnitude higher than that of other thermometer technologies [4] .
Such high sensitivities allow the use of materials such as normal metals that have relatively high heat capacity, but are compatible with existent fabrication processes. We have found MO-Cu bilayers to have excellent reproducibility and long-term stability. A 55Fe spectrum taken with such a detector is shown in Fig. 1 . Because the TES has low impedance (c 1 SZ), it couples well to SQUID (Superconducting Quantum Interference Device) amplifiers and has low susceptibility to microphonics. SQUIDS also have the advantage of naturally operating at low temperatures and having extremely low (-nW) power requirements.
Our detectors are read out by applying a voltage bias across the TES and measuring the current through the sensor with a SQUID [ Fig. 21 . Voltage biasing allows us to take advantage of a phenomenon known as "negative electrothermal feedback." The resistance of a TES drops as it is cooled through its transition, leading to an increase in the V2/R Joule heating of the film. This heating leads to a stable equilibrium temperature, depending upon the voltage applied and the thermal conductivity of the link between the TES and its heat bath. If the bath temperature is significantly lower than this equilibrium temperature, the equilibrium becomes independent of the bath temperature. This temperature independence is useful in designing TES arrays, since the same bias could be applied to multiple detectors, each with U.S. Government work not protected by US. copyright. small variations in their transition temperature, without effecting the individual pixels' performance. In addition, pulse times in the TES are shortened by the electrothermal feedback: when a TES is heated by an incident x-ray, its resistance increases, leading to lower Joule heating and thus a more rapid return to equilibrium temperature. The resulting pulses are up to two orders of magnitude shorter than the natural time constant of the device [4] . A TES may therefore observe correspondingly larger incident count rates without degradation of resolution from pulse pileup.
Applications for Arrays of TES Detectors
We are currently pursuing two primary uses for NIST's TES x-ray detectors: materials microanalysis and astronomy. In x-ray microanalysis, a sample is placed in an electron microscope, where the focused beam of electrons excites characteristic x-rays from precise points on the sample, typically in the range of 100 eV to several keV. By studying the resultant lines, the composition of the material, as well as that of any unwanted contaminants, can be inferred [5] . As the semiconductor industry creates ever-smaller feature sizes, the sizes of the contaminants that can cause chip failure also become smaller.
High spatial resolution measurements necessary to analyze these nanoscale particle contaminants can be achieved in electron microscopes by using lower (-5 keV) energy electron beams to reduce the x-ray generation volume in the sample. Electrons in this energy range produce low energy x-rays, which TES detectors are well suited to measure. However, the beam currents used are usually also low (0.1 nA to 1 nA), resulting in reduced x-ray production, and thus longer times to collect a usable spectrum of a sample. Photon collection efficiency is thus important for this application. Although TESs have a nearly 100% quantum efficiency in this range, their collecting area is small (400 p m x 400 pm.) Aluminum filters used to reduce shot noise by infrared and optical photons further attenuate the x-ray flux at lower energies [5] .
Increased collection area would generate higher photon collection efficiency, and have already gained a factor of -300 in effective collection area through the use of a polycapillary optic[6] in our SEM system, and it is possible to increase the size of the TES absorber with some loss of energy resolution. Unfortunately, the maximum counting rate of an individual detector is ultimately limited by the thermal time constant of the TES. X-rays produce pulses of a finite duration in the detector, and a pulse that arrives before the preceding pulse has decayed fully cannot be measured accurately. Typically the x-ray TES detectors have a maximum count rate of several hundred counts per second. An array of small detectors could handle this same rate in each pixel. The spectra generated by the individual pixels could then be combined into one spectrum, thus achieving much greater statistics in the same time.
There is also great interest in using TES x-ray detectors for astrophysics applications. Many astrophysically significant objects consist of hot (106-107 K) plasmas, and collisionally excited x-ray lines are an excellent means of probing the composition of these plasmas. Such high-resolution x-ray spectroscopy has been used to study the hot component of the interstellar medium, accretion disks around compact objects such as black holes and neutron stars, supernovae remnants, and stellar coronae.
Arrays of high-resolution x-ray detectors would be useful in two different types of observations. Diffuse background sources have low absolute x-ray fluxes, and much like the microanalysis problem, a large collecting area would facilitate rapid collection of spectra. Objects such as supernova remnants are imaged with high angular resolution to probe their extended structure. An imaging array placed at the focal plane of a grazing-incidence x-ray telescope could provide the required high angular resolution while simultaneously delivering spectral information.
NASA has approved a next generation orbiting x-ray observatory consisting of four separate satellites, dubbed Constellation-X.
Each satellite is to include a microcalorimeter array with 2 eV energy resolution, sensitivity from 0.25 to 10 keV, and < 15" angular resolution. Our detectors have achieved 2 eV resolution at 1.5 keV, and are approaching this level of resolution over the range desired. Creating a packed array of these detectors is now becoming a priority in detector design and is one of the core focuses of our group at NIST.
IV. ARRAY TECHNOLOGY

A. Multiplexirzg
To achieve the necessary operating temperatures (-0.1 K), microcalorimeters are placed at the cold stage of a cryostat such as an adiabatic demagnetization refrigerator (ADR.) Currently, most microcalorimeter readout schemes require at least one wire to room temperature per detector, which means that the heat load of an n x n array scales as n2. As array sizes grow large (-1000 elements), heat loads rapidly become unmanageable.
NIST has developed a SQUID multiplexer circuit (Fig. 3) for use in infrared/submiIlimeter TES bolometer arrays [7] .
We plan to apply this technology to our x-ray detector arrays. Each column of this array consists of TES detectors with their bias resistors connected in series. Each detector is read out by a single first-stage SQUID amplifier. Each SQUID in the column is connected in series, and the signal across the column is read out by a 100-SQUID series array. Bias is applied sequentially to one first-stage SQUID in each column, leaving the other SQUIDS in their superconducting state. These "off" SQUIDS then contribute no noise to the readout, and consume no power. By switching the bias from row to row, the outputs of the detectors on each row are sequentially measured. The number of wires required to read out an n x n array thus scales as n instead of n2, greatly reducing the heat load created by wires to the cold stage.
B. Digital Readout Electronics
Scaling our current analog readout electronics to service a large array would be unwieldy and expensive. Instead, we have built a digital feedback system that replaces the traditional analog electronics. In this system, the SQUID signal is digitized with an analog-to-digital converter and passed to a field-programmable gate array (FPGA). The FPGA offsets and integrates the error signal and uses a digital-to-analog converter to provide the appropriate feedback to the SQUID, The FPGA is also used to process the pulses via a digital filter and pulse height analyzer. The resulting pulse heights are then transmitted to a computer for storage and further analysis.
In addition to being cheaper and more compact, this system is more flexible than the analog electronics it replaces. The digital readout electronics have already successfully been used to take spectra from one of our older x-ray TES detectors. The digital spectra actually exhibited slight improvement in resolution over the older analog system. Digital electronics such as this will be a key part of any practical large-scale microcalorimeter array.
C. Array Fabrication Our detector fabrication process will have to change as we progress to larger, close-packed arrays. In our current detector design the TES is fabricated on a nitride-coated silicon wafer, and the silicon beneath the detector is etched with KOH from the back side of the wafer, leaving the detector suspended on a nitride membrane. The membrane is then patterned with a reactive-ion etch to produce the desired thermal conductivity. A variation of this process is being used to fabricate small (2x2) arrays with (1 10) silicon wafers, but it inherently limits the pixel-to-pixel spacing. "Dead" space between pixels reduces the photon collection area of an array. X-ray hits on the membrane between pixels create thermal pulses that must be eliminated in post-processing, but still limit the pixel's maximum count rate. A collimator near the detector surface may be used to eliminate such hits, but such collimators would be difficult to fabricate and install for larger arrays. Goddard Space Flight Center has recently fabricated an array of overhanging Bi "mushroom" absorbers [8] that could reduce the need for collimation.
Wiring such an array may still prove challenging. Even using the multiplexing scheme described above, two wires per TES must be brought out of the array and to the rest of the circuit. Although wire sizes may be minimized and
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micromachining techniques are being investigated for use in fabricating large arrays. We have built and tested room temperature digital readout electronics that are less expensive and more scalable than our original analog electronics system. We hope to combine these techniques to produce
Membrane film practical large-scale arrays of detectors for use in microanalysis and x-ray astronomy. multiple wiring layers used, it still may be difficult to bring wires from the center of a large array. Novel approaches such as surface micromachining may be needed for large, close-packed arrays. Room-temperature infrared bolometer arrays have been fabricated[9] using a sacrificial layer to create a suspended structure of silicon nitride, upon which the detector may be deposited (Fig. 4a.) A layer of photodefinable polyimide is patterned and heated to create "mesas" with sloped sides. Silicon nitride or oxide is then deposited and patterned over these mesas. The detector is fabricated on top of this layer, and then a reactive ion etch removes the polyimide, leaving the detector suspended by thin legs. The thermal conductivity from the microcalorimeter to the heat bath is determined by the geometry of these legs. We have fabricated simple demonstration structures of suspended SiO, using this process (Fig. 4b.) In such an array, the majority of the space on the wafer below the suspended microcalorimeters is free for use as wiring. This process also eliminates the need for backside KOH silicon etching, which may help achieve the process yield necessary to successfully create large arrays. By also incorporating the bismuth mushroom absorbers developed at GSFC, this technique may offer a path to a truly close-packed array of x-ray detectors.
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VSUMMARY
NIST is developing technology to scale our x-ray TES detector design into large format arrays. Surface
